DNA isolated from Drosophila melanogaster adults (XX, XY, XXY, XYY) was used in DNA-DNA hybridization experiments on nitrocellulose filters. Filter-bound DNA of "high-heterochromatin" flies (those with one or more Y chromosomes) is more effective in forming hybrid duplexes than is XX DNA. The quantitative difference in hybridization efficiency is due primarily to molecules with a relatively high thermal stability (duplexes that dissociate in the temperature range 8090°). Hybridization experiments with DNA samples that have been fractionated into reiterated and unique portions show that the majority of the hybrid duplexes formed involve reiterated DNA. A small, but highly specific, interaction of unique DNA sequences has also been detected in our experiments. These data indicate that a class of repeated DNA sequences is associated with the constitutive heterochromatin, specifically with the Y chromosome of D. melanogaster. Evidence is presented that this same class of molecules, or very similar ones, is to be found in other portions of the genome, presumably in X-chromosomal or centromeric heterochromatin.
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Recent reports (1) (2) (3) (4) have demonstrated a marked capacity of the centromeric regions of Drosophila chromosomes to form hybrid molecules with complementary RNA (c-RNA) transcribed from the rapidly reassociating, repetitious portion of the genome. All of these reports have used the technique of in situ hybridization, developed within the past few years by workers in several different laboratories. We wish to report the results of a series of in vitro hybridization experiments that indicate that Drosophila melanogaster DNA isolated from "high-heterochromatin flies" (i.e., those with one or more Y chromosomes) contains more of a class of repeated DNA sequences than does DNA isolated from "low-heterochromatin" XX females. We have found that the repeated DNA sequences that form hybrid duplexes in our experiments can be derived from either XY or XX flies, and are, therefore, not exclusively Y chromosomal in origin. Finally, these experiments also show that it is possible to use DNA-DNA hybridization techniques on nitrocellulose filters to distinguish between DNA sequences isolated from the unique portion of the genome of D. melanogaster females (XX) and males (XY).
D. melanogaster is uniquely suited for studies of the properties of heterochromatin and euchromatin. In this organism, as in no other, we have a wealth of knowledge about the cyAbbreviations: c-RNA, complementary RNA; Tm, temperature corresponding to dissociation of 50% of the hybrid duplexes;
Cot, product of the concentration of DNA (molarity of nucleotides) and the time (seconds) of the reaction. * When centrifuged in CsCl, the purified DNA forms a main band with a mean density of 1.702 g/cm3, and a small satellite with a mean density of 1.690 g/cm'. Hyperchromicity values of thermally denatured DNA samples are in excess of 30% increased over the initial absorbance. Electron micrographs of isolated DNA show a considerable range in particle length, the largest pieces averaging about 13.5 Mm in length, corresponding to a molecular weight of 25 X 106.
DNA-DNA Hybridization on Nitrocellulose Filters. The technique developed by Gillespie and Spiegelman (10) was used to fix heat-denatured DNA to nitrocellulose filters (Schleicher and Schuell Co., no. B-6). The central DNAbearing portions of the filters were punched out and treated as specified (11) . Hybrid duplexes were formed by incubation of filter-bound DNA with sonicated, denatured radioactive DNA fragments in 0.3 ml of 0.15 M NaCl-0.015 M Na citrate at 650, in tightly sealed 3-dram vials. Radioactive DNA fragments were prepared from Nrsaturated DNA solutions by a 1-min sonication on a probe-type MSE sonicator. Temperature was maintained at or near 00. This procedure results in fairly uniform fragments of about 500 nucleotide pairs, as judged by length measurements in an electron microscope.
Thermal Denaturation of Hybrid Duplexes. After the incubation period, filters were washed with three 10-min changes of 5 ml (each) of 0.15 M NaCl-0.015 M Na citrate at the incubation temperature, and mounted directly in a melting point apparatus. This device consists of six jacketed chromatographic columns (0.9 X 15 cm) and a seventh jacket enclosing a thermometer (Sargent Co., Precision Grade, 600 mm total immersion, range -2 to 1010, graduated in 0.20 divisions), all connected to a thermostatic pump (Haake Co., model F). The columns are arranged so that the lower three contain the filters used in the experiment, while the upper three serve as reservoirs for warming solvent before it is introduced into the lower columns. This system permits the simultaneous analysis of two experimental and one control set of filters with temperature control of better than +40.20. In practice the filters are washed with 5.0 ml of NaCl-Na citrate at the temperature of incubation for 10 min.
The wash is then drained from the columns and collected, and the thermostat temperature is elevated by about 50. +1.0
Percent of input DNA fragments bound to filters in each trial appears in parentheses, next to the karyotype designation of the filter-bound DNA. A% hybridized is the difference in quantity of radioactive DNA fragments bound. ATm is the difference in temperature corresponding to the mid-point of the dissociation of the hybrid. A + value is assigned where the response of the high-heterochromatin DNA exceeds that of the low.
The results obtained in the first experiment of this series are depicted in Fig. 1 , which shows that filter-bound XYY DNA is more successful at hybridizing with the radioactive XY DNA than is an identical amount of filter-bound XX DNA. The quantitative difference is primarily due to DNA fragments that are released from the filters in the temperature range 80-90'. This differential release of DNA fragments also results in an increase of the Tm of the XYY hybrid relative to the XX hybrid (Fig. 1B) .
If the hybrid duplexes formed in our experimental system involve interaction of homologous DNA sequences, then prior incubation of XY ['H ]DNA fragments with filter-bound XX DNA should result in the removal from solution of a large amount of autosomal and X chromosomal DNA fragments; in effect, increasing the concentration of DNA fragments from the Y chromosome. A second incubation of the remaining XY [3H ]DNA fragments with XX or XYY DNA on filters should then result in an increased differential response of the low-and high-heterochromatin DNAs. The outcome of an experiment designed to test this hypothesis is shown in Fig. 2 . There is a significant increase in the differential response of XX and XYY DNAs in Fig. 2 , as compared to Fig. 1 ; in Fig. 1 the XYY DNA filters bound 20% more counts than did the XX DNA filters, while in Fig. 2 the XYY filters bound 37.5% more counts than did the XX filters. The absolute amount of hybrid duplexes formed by both XX and XYY DNA is reduced relative to Fig. 1 . This decrease is due to the removal of a large amount of the highly reactive repeated DNA sequences from the system during the first incubation. The Tm for both XX and XYY DNA hybrid duplexes is higher in Fig. 2 than in Fig. 1 . Thus, the partial removal of repeated DNA sequences both enhances the differential response of XX and XYY DNAs and increases the thermal stability of the reaction product, suggesting a greater specificity of base pairing, on the average, for those molecules reacting in the second incubation.
An additional set of experiments demonstrated that this preferential reactivity is not limited to DNA isolated from the XYY flies. Filter-bound DNA from XY flies will also form more hybrid than filter-bound XX DNA. A comparison of Figs. 3 and 4 shows th~at this is true regardless of the source (either XY or XX) of the ['H ]DNA fragments. These experiments lead to the conclusion that high-heterochromatin DNA bound to filters preferentially binds a class of DNA molecules that is present in both XX and XY radioactive DNA samples. Table 1 contains a summary of the results obtained when experiments of the same general design as that in Fig. 1 were performed with several different karyotypes an sources of filter-bound DNA. In every instance, the high-heterochromatin DNA exhibits 4 quantitative advantage over the XX DNA; in all but one experiment, this is accompanied by a higher Tm for the high-heterochromatin product.
A better understanding of these differences in reactivity was attained by comparison of the relative efficiency of repeated DNA ("fast" reassociating) and unique DNA ("slow" reassociating) in our hybridization system. Radioactive DNA fragments were allowed to reassociate to a Cot value of 80, and separated into fast-and slow-reassociating portions by chromatography on hydroxyapatite (12) . It was interesting to find that the specific activity of fast-and slow-reassociating DNA is identical. It has been reported (13) that the Drosophila Y chromosome is the site of an enriched satellite in dA and dT residues. Potentially, this enrichment could result in a higher specific activity of thymidine-labeled repeated DNA sequences in the XY flies, but we did not observe such an effect.
To determine the relative contribution of fast-and slowreassociating DNA to the differential response of XX and XYY DNAs on filters, the appropriate XX and XYY DNA filters were incubated with both types of radioactive DNA fragments from the XY ['H ]DNA. In Fig. 5 , the filter-bound XYY DNA is seen to react more extensively than filterbound XX DNA with respect to both fast-and slow-reassociating types of radioactive DNA fragments. By virtue of the greater efficiency of the fast-reassociating DNA component in forming hybrid, we conclude that the differential response of high-and low-heterochromatin DNAs is predominantly due to the high-heterochromatin DNAs bound to filters reacting with more of the fast-reassociating, reiterated DNA sequences of Drosophila DNAs in solution.
It can be seen in Fig. 5 that under the conditions of these experiments the slow-reassociating, unique portion of the genome makes some contribution to the total hybrid formed. Fig. 2, a-c, in ref. 16 ). The D. melanogaster Y chromosome is both the site of considerable repeated DNA sequences and an overall brilliant fluorescence in quinacrine mustard, whereas the D. virilis Y chromosome may be relatively deficient in both properties, except at the chromosome ends.
Our in vitro experiments present the first direct evidence that the relative amount of repeated DNA of a species can vary with the amount of heterochromatin of a given karyotype. Taken in concert with the in situ evidence of previously mentioned workers, as well as our own, and evidence provided by alternative approaches (17) (18) (19) (20) (21) , the pattern of association of repeated DNA sequences and constitutive heterochromatin is becoming increasingly well established. With the coordination of preparative ultracentrifugation, and of in vitro and in situ hybridization, we should soon understand not only the extent but also the significance of the association of repeated DNA with constitutive heterochromatin.
This investigation was supported by NIH Research Grant GM-10499 and, in part, by PHS Training Grant GM-00071. W.J.P. submits this paper in partial fulfillment of the requirements for the doctoral degree at The University of Michigan.
We thank Prof. Joseph G. Gall for critically reading this manuscript.
